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Enumerating Aspergillus fumigatus CFU can be challenging since CFU determination by plate count can be
difficult. CFU determination by quantitative real-time PCR (qPCR), however, is becoming increasingly com-
mon and usually relies on detecting one of the subunits of the multicopy rRNA genes. This study was
undertaken to determine if ribosomal DNA (rDNA) copy number was constant or variable among different A.
fumigatus isolates. FKS1 was used as a single-copy control gene and was validated against single-copy (pyrG and
ARG4) and multicopy (arsC) controls. The copy numbers of the 18S rDNA subunit were then determined for
a variety of isolates and were found to vary with the strain, from 38 to 91 copies per genome. Investigation of
the stability of the 18S rDNA copy number after exposure to a number of different environmental and growth
conditions revealed that the copy number was stable, varying less than one copy across all conditions, including
in isolates recovered from an animal model. These results suggest that while the ribosomal genes are excellent
targets for enumeration by qPCR, the copy number should be determined prior to using them as targets for
quantitative analysis.

Aspergillosis is caused by pathogenic fungi in the genus
Aspergillus and includes allergic, superficial, saprophytic, and
invasive disease (12). The frequency of invasive aspergillosis
(IA) continues to increase due to a growing population of
immunosuppressed individuals. In fact, Aspergillus fumigatus,
the most frequent Aspergillus species in IA cases (19), is now
the most common airborne human fungal pathogen (25). The
mortality rate for IA can be unacceptably high for some patient
populations, once infected, ranging from 70 to 90%, depending
on the patient type (7, 13, 31). However, in spite of the severity
of disease, the ubiquitous nature of Aspergillus in the environ-
ment makes exposure difficult to avoid; consequently, suscep-
tible patients will almost always be at risk for infection.

The life-threatening nature of IA makes accurate diagnosis
and early detection crucial. Quantitative real-time PCR
(qPCR) is emerging as a sensitive and cost-efficient technique
for detecting Aspergillus spp. from a diverse variety of sources,
including clinical specimens. Investigators studying IA with
animal models routinely use qPCR to measure fungal load (17,
27), including response to drug treatment (6, 42). Bioaerosol
quantitation of Aspergillus spp., particularly in the hospital
environment, is also amenable to qPCR (32). Finally, even
though qPCR is not the first choice for clinical diagnosis of IA,
it has proven useful for quantitating Aspergillus spp. from a
variety of patient specimens (2, 26, 38) and has proven ex-
tremely useful as a secondary assay for comparative purposes
during assay development (8, 23).

One of the drawbacks of PCR-based detection methods is a
lack of standardization (5), and one of the first areas to stan-

dardize is selection of an appropriate target for amplification.
The quantitative nature of qPCR allows an estimation of the
number of CFU by equating the copy number of the target
sequence with the genome number through a simple ratio,
provided the ratio remains invariant. With fungi, the ribosomal
genes have proven to be useful PCR targets because of their
sequence conservation, which has allowed the use of universal
primers that enable the amplification of targets from unknown
species. A second advantage of using the ribosomal DNA
(rDNA) genes as an amplification target is the copy number,
which can be 10 to 100 times that of single-copy genes (29, 30).
However, in A. fumigatus, it is unclear whether all strains have
the same number of rDNA subunits. With other fungi, the
rDNA copy number is known to vary (4, 15, 16, 20, 29), al-
though these observations have been made with fungi that are
not frequently recovered as human pathogens. Given what is
known for other organisms about the variability of the rDNA
copy number and the importance of A. fumigatus as a human
pathogen, this study was performed in order to determine if
rDNA copy number is constant or strain specific in A. fu-
migatus.

MATERIALS AND METHODS

Strains and media. Strains used in this study are shown in Table 1 and were
confirmed to be A. fumigatus by colony morphology and DNA sequencing of the
internal transcribed spacer (ITS) and D1/D2 regions. Each strain was grown on
Sabouraud’s dextrose (Difco Laboratories, Detroit, MI) or potato dextrose broth
or potato dextrose agar (PDA) (Fisher Scientific, Pittsburgh, PA) for all assays,
unless otherwise indicated. Agar media were prepared from broth by solidifica-
tion with 2% agar. RPMI 1640 without L-glutamine (Mediatech, Inc., Herndon,
VA) was prepared by filter sterilizing and added to an autoclaved solution of 2%
dextrose and 2% agar (BD Diagnostic Systems, Franklin Lakes, NJ).

DNA isolation. Individual strains were inoculated into 200 ml of Sabouraud’s
dextrose broth in a 500-ml flask from a 7-day-old suspension of �5 � 108 conidia
harvested from a PDA plate. The hyphae were recovered after 24 h by filtering
through an 18.5-cm, 0.45-mm-pore-size Whatman disk (Whatman, Florham
Park, NJ) and washed with sterile saline. DNA isolation consisted of methods
reported elsewhere (22, 41), with slight modifications. After the saline wash,
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approximately 200 mg of wet hyphae were briefly dried by blotting between
Whatman paper (Whatman) and then placed into a sterile mortar and frozen for
10 min at �70°C. Fungal cell walls were mechanically broken by grinding with a
pestle for 1 to 2 min after the addition of sterile sand and 2 ml of Masterpure
yeast DNA purification kit lysis buffer (Masterpure yeast DNA purification kit;
Epicentre Technologies, Madison, WI). The slurry was transferred to 2- by
1.5-ml Microfuge tubes and spun at low speed (500 � g) for 15 s to pellet the
sand. Four hundred microliters of the supernatant were transferred to a 2.0-ml
screw-cap Microfuge tube and incubated at 65°C for 2 h, after the addition of 6
�l of proteinase K (50 �g/ml) from the DNA purification kit. Samples were
processed from this point as described previously (22). After the final wash, the
dried pellets were resuspended in 200 �l ultra pure water (Invitrogen, Carlsbad,
CA). DNA was assessed for quality and quantified by gel electrophoresis and a
260-nm/280-nm absorbance ratio.

Due to the possibility of contamination of Aspergillus DNA with polysaccha-
rides in crude DNA preps, DNA was further purified prior to performance of
qPCR assays. DNA was run in a 1.0% low-melting-point agarose (InCert; FMC
BioProducts, Rockland, ME) gel to separate it from contaminating materials.
Gel fragments containing DNA were recovered, placed into 1.5-ml Microfuge
tubes, and then treated with Gelase (Epicentre) according to the manufacturer’s
instructions. Purified DNA was assessed and quantitated by spectrophotometer
and agarose electrophoresis as described above. Yields were 100 �g to 500 �g.

Growth conditions to evaluate stress effect on rDNA copy number. In order to
measure the effect of colony age on rDNA copy number, DNA was prepared
from A. fumigatus strain AF293 grown for 3 days, 5 days, 10 days, and 25 days on
PDA plates at 30°C. AF293 was also tested for the effect of temperature on copy
number by preparing DNA from cultures grown at 30°C and 45°C for 5 days on
PDA plates. DNA was isolated and processed from each condition, as previously
described (22).

The effect of antifungal exposure on copy number was measured by harvesting
AF293 grown in the presence of itraconazole (Oakdell Pharmacy, San Antonio,
TX) using a modification of the standard MIC assay. Conidia were harvested
from a 5-day-old PDA plate grown at 30°C overnight and used to prepare
inoculums containing 4.5 � 106 CFU/ml. Each inoculum (10 ml) was then grown
overnight at 30°C in the presence of different itraconazole concentrations (0
�g/ml, 0.03 �g/ml, 0.06 �g/ml, 0.125 �g/ml, 0.25 �g/ml, 0.5 �g/ml, 1.0 �g/ml, and
2.0 �g/ml) under modified MIC conditions described by the National Committee
for Clinical Laboratory Standards (33). DNA was then recovered as described
above.

In order to determine what effect morphology had on copy number, AF293
DNA was isolated from pure conidia and hyphae. Conidial cultures were pre-
pared from PDA plates grown for 11 days at 30°C and harvested by washing with
10 ml of sterile PBS-0.1% Tween 20. The suspension was pelleted by centrifu-
gation at 4,800 � g for 10 min. The supernatant was discarded, and the conidial
pellet was transferred to a 1.7-ml microcentrifuge tube and washed once with 500
�l of sterile water and once with 500 �l of 0.1 M MgCl2. Hyphae were prepared
as described previously (22). Conidial and hyphal DNA were recovered as de-
scribed above.

The effect of growth in vivo during animal model infection on copy number
was determined by passing AF293 through animals as follows. Nonimmunosup-
pressed mice and guinea pigs were infected as described by Sheppard et al. (35).
Lungs and kidneys were harvested 5 days postinfection. DNA was extracted from
tissue according to the Standard Operating Procedures for Invasive Aspergillosis
Animal Models (http://www.sacmm.org/sop.html) and recovered in 100 �l of
QIAamp DNA minikit elution buffer (Qiagen, Valencia, CA). After quantita-
tion, DNA was stored at �20°C until analyzed.

PCR and qPCR primer and probe design. The PCR primer and probe se-
quences used to quantitate and amplify A. fumigatus target genes are shown in
Table 2. Primers for qPCR were designed using Primer Express software version
2.0, which is application-based design software provided by ABI (Applied Bio-

TABLE 1. Strains used in this studya

Strainb Contributor, strain alias, and/or
reference

AF293................................................R. Aramayo
WSA-172 ...........................................M. Rinaldi, no. 98-407
WSA-270 ...........................................ATCC 64746
WSA-271 ...........................................ATCC 14110
WSA-419 ...........................................K. J. Kwon-Chung, no. B-5233, 40
WSA-445 ...........................................T. Patterson, no. MTFP0009
WSA-446 ...........................................M. Rinaldi, no. 99-1900
WSA-621 ...........................................B. Lutz, no. 1

a All strains were obtained from clinical sources.
b WSA isolates are from the Wickes laboratory culture collection.

TABLE 2. PCR primer and probe sequences

Primer or probeb Sequence Reference or source

18S rDNA.F 5�-GGCCCTTAAATAGCCCGGT-3� 10
18S rDNA.R 5�-TGAGCCGATAGTCCCCCTAA-3� 10
18S rDNA probea 6-FAM-AGCCAGCGGCCCGCAAATG-MGBNFQ 10

AFKS.F 5�-GCCTGGTAGTGAAGCTGAGCGT-3� 6
AFKS.R 5�-CGGTGAATGTAGGCATGTTGTCC-3� 6
AFKS probe 6-FAM-TCACTCTCTACCCCCATGCCCGAGCC-MGBNFQ 6
AFKS probe 6-VIC-TCACTCTCTACCCCCATGCCCGAGCC-MGBNFQ 6

ARG4.F 5�-CAGCCCCGGGAAACTCA-3� This study
ARG4.R 5�-TCCGCTCCCTTGACAGCTT-3� This study
ARG4 probe 6-FAM-CCAGACCAATGTTCCTGAG-MGBNFQ This study

pyrG.F 5�-TGGCCCAGACCGCATCT-3� This study
pyrG.R 5�-CAACAGTCCTCTCTCAGGACCAT-3� This study
pyrG probe 6-VIC-CGCAAGACTTCCC-MGBNFQ This study

arsC.F 5�-GCCGCTGGGTTCCTTACTC-3� This study
arsC.R 5�-CAGCGGAGCGAACCTCAATA-3� This study
arsC probe 6-FAM-CCTCGCAGGTGATG-MGBNFQ This study

Chr1arsC.F 5�-GACCTCGACACCCTAAGAAGC-3� This study
Chr1arsC.R 5�-TCAAATGATGAGAGGCCAGA-3� This study
Chr5arsC.F 5�-TCCTCCATCTTCATTCCCTTA-3� This study
Chr5arsC.R 5�-GAGCTGGAACCTCAGCGTAG-3� This study

a MGB probe dyes are incorporated into the primer sequences, i.e., 6-FAM-AGCCAGCGGCCCGCAAATG-MGBNFQ is an MGB probe labeled with FAM.
b AFKS primers and probes were used for detection of the FKS1 gene. ARG4, pyrG, and arsC primers and probes were used for detection of the ARG4, pyrG, and

arsC genes. Primers designated Chr1arsC or Chr5arsC are for routine PCR amplification of the two arsC alleles from chromosome 1 or 5.
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systems, Inc., Foster City, CA), or were designed based on previously published
reports. The primers and probe for the A. fumigatus FKS1 gene were designed
according to Costa et al. (10). The primers and probe for the 18s rDNA sequence
were also based on a previous study (6). The FKS1 gene was chosen because it
is a known single-copy gene in A. fumigatus involved in �(1–3) glucan synthesis
(3) and was used as an internal control. The pyrG gene, which encodes orotidine-
5�-monophosphate decarboxylase, was also included as a second single-copy
reference gene (11, 44) and used to confirm FKS1 copy number determination.
ARG4, which encodes carbamoyl-phosphate synthase, was the third single-copy
reference gene used in this study and was identified from the genome sequence.

In order to test our ability to discriminate multiple copy genes, a duplicated
gene was selected for analysis. The arsC (arsenate reductase) gene is a duplicated
gene found in some but not all strains of A. fumigatus and is present in the AF293
genome sequence as two copies (34). Since arsC is not present in all A. fumigatus
strains, we reconfirmed that it was present in AF293 in two copies by use of a
method independent of qPCR. Based on the sequences of arsC from the two
chromosomal locations, allele-specific primers were designed that spanned an
NcoI site within the coding sequence of each arsC allele (Table 2). The chro-
mosome 1 arsC primers consisted of Ch1arsC.F and Ch1arsC.R. The chromo-
some 5 arsC primers consisted of Chr5arsC.F and Chr5arsC.R. Each allele was
amplified using the following conditions: 94°C for 2 min; 32 cycles at 94°C for
15 s, 58°C for 30 s, and 72°C for 30 s; and a final extension of 72°C for 2 min. The
amplicons were then digested with 5 U of NcoI (New England Biolabs, Beverly,
MA) at 37°C for 3 h and then separated on a 3% NuSieve GTG agarose gel
(Cambrex Bio Science, Inc., Rockland, ME). Sizes were then compared to the
sizes predicted from the genome sequence.

qPCR validation assays and calculations. FKS1, pyrG, ARG4 (single-copy
genes), arsC (two-copy gene), and 18S rDNA (multiple copies) gene copy num-
ber determinations were done by qPCR (TaqMan) assay according to the
method of Townson et al. (39), with modifications. In order to determine the
copy number of a variable gene (18S rDNA), a single-copy reference gene
needed to be identified and confirmed to be present in one copy/genome. Since
the FKS1 gene is highly conserved in fungi and has been shown in a number of
reports to be present in single copy in A. fumigatus (3, 14, 34), we selected this
gene to use as the single-copy reference probe in the quantitative reverse tran-
scription-PCRs. Confirmation was performed by comparison to other A. fumiga-
tus genes already known to be single copy. The single-copy genes pyrG and ARG4
were confirmed using relative quantification (ratios of one gene to another) to
determine the number of copies present per genome. Quantification standards
were run in conjunction with each set of samples after primers and probes for the
FKS1, 18S rDNA, pyrG, ARG4, and arsC genes were optimized for template
concentration and primer efficiencies (1).

qPCRs were performed in triplicate using an ABI Prism 7900 sequence de-
tector system (ABI) to detect minor groove binder probe binding. FKS1 was
quantitated using both VIC and 6-carboxyfluorescein (FAM) dyes and used as a
reference for comparison to the 18S rDNA FAM probe from each strain. Six
serial 1:2 dilutions (20.0, 10.0, 5.0, 2.5, 1.25, and 0.625 ng/�l) of genomic DNA
from A. fumigatus AF293 were used to generate standard curves of CT (threshold
cycle) value against the log DNA concentration on each PCR plate for the FKS1
and 18S rDNA genes. Each experiment was performed three separate times from
one DNA preparation and run in duplicate. CT values were determined and then
converted into template quantity. After the creation of standard curves, the copy
number of each gene was determined by DNA quantification using TaqMan
technology. PCR cycle numbers were plotted against the value of 5� fluores-
cence signal, and then threshold values were plotted against the copy number
of the template DNA that was used to generate standard curves (1).

Absolute quantification using the ABI Prism 7900 requires that the absolute
quantities of the standards be determined by some independent means first. In
this study, fungal DNA was used to prepare absolute standards. Concentration
and DNA quality were measured by determining the A260 and by gel electro-
phoresis and converted to the number of copies by use of the molecular weight
of the DNA. The equation CT � m (log quantity) � b from the equation for a
line (y � mx � b) was constructed by plotting the standard curve of log quantity
versus its corresponding CT value. If the curve demonstrated an r2 value of
	0.980, the standard curve then was used to determine sensitivity, primer effi-
ciencies, and dynamic range, as well as specificity and reproducibility of every
assay (FKS1, 18S rDNA, pyrG, ARG4, and arsC). Amplification of serially diluted
genomic DNA (standard curves) from A. fumigatus AF293 was repeated in
triplicate, on different days, in order to test reproducibility, primer efficiencies,
and DNA optimal dilutions for the rest of the genes (pyrG, ARG4, and arsC).
DNA concentrations ranged from 20.0 to 0.625 ng/�l. Specificity for all the assays
was assessed by using DNA extracted from Candida albicans SC5314, as well as
mouse and guinea pig DNA (9, 28). Comparative copy numbers for confirmation

experiments were determined using the relative quantification (

CT) 2�

CT

method. The 18S rDNA copy numbers were determined by the absolute quan-
titation method, by which total copies were first calculated using the following
equation: total 18S rDNA copies � 10([CT � b]/m). The number of 18S rDNA
copies per genome was then determined by the following equation: 18S rDNA
copies per genome � (total copies of 18S rDNA)/(total copies of FKS1). Copy
number was calculated as the ratio of template quantity for 18S rDNA to the
template quantity for FKS1.

Statistical methods. In each experiment, we altered one factor at a time under
controlled conditions. This approach minimized the sources of variability within
an experiment and maximized statistical power for detecting effects of a single
factor on differential copy numbers. Results after determination of 18S rDNA
copy numbers were compared by the Wilcoxon rank sum test for morphology and
temperature. The Wilcoxon signed-rank test was used to compare copy numbers
from different tissues in the same animal, and the Kruskal-Wallis test was used
to compare culture ages and antifungal susceptibilities. Statistical analysis was
done at the University of Texas Health Science Center at the San Antonio
Department of Epidemiology and Biostatistics. Two-tailed P values less than 0.05
were considered significant.

RESULTS

Copy number confirmation of FKS1. A number of confirma-
tory assays were performed to verify that FKS1 was present as
a single copy in AF293. First, absolute quantitation was per-
formed using FKS1 probes labeled with two dyes, FAM and
VIC. The slope of the VIC line was �3.9341 (from y �
�39341x � 52.288), while the slope for the FAM line was
�3.8971 (from y � �3.8971x � 51.593). The r2 values of the
VIC and FAM lines were 0.9946 and 0.9982, respectively, dem-
onstrating that comparable results could be obtained indepen-
dently of dye type. The copy number of FKS1 was next deter-
mined in a subset of A. fumigatus strains (WSA-172, WSA-445,
WSA-621, and WSA-419) by absolute quantitation using FKS1
labeled with FAM and VIC for each strain. FKS1 copy num-
bers determined by qPCR ranged from 0.93 to 1.10 copies and
were rounded to 1 copy based on the close integer scoring
method (18) so that it could be used as the single-copy refer-
ence gene when determining the copy numbers of other genes.
We next compared the copy number of FKS1 to that of other
known single-copy genes (ARG4 and pyrG) using absolute
quantification. The corresponding calculations of copy num-
bers of the three genes in AF293 by comparison of the CT

values confirmed that each gene was present in single copy.
This outcome was also observed with other A. fumigatus iso-
lates (Table 3) and confirmed that FKS1 was suitable as a
single-copy control gene.

Detection of a multicopy gene in A. fumigatus. In order to
accurately quantitate multicopy genes, it was necessary to dem-
onstrate that FKS1 could be used to quantitate a multicopy
gene of known copy number. Furthermore, we were interested
in knowing how discriminatory our strategy would be with
regard to copy number accuracy. To make this determination,
we decided to use a multicopy gene that was present in low
copy number and chose arsC as a target. Sequence analysis of
arsC from the AF293 genome suggested that it was present in
two copies, one copy on chromosome 1 and one copy on
chromosome 5. Careful inspection of the two sequences by
DNA alignment revealed that a combination of primer posi-
tion and restriction digestion would confirm the presence of
two copies, after gel electrophoresis, based on the predicted
sizes of digestion products of the PCR (Fig. 1A). The data
shown in Fig. 1B confirm that the predicted digestion patterns
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of the two arsC alleles matched what was observed with the gel
after electrophoresis.

qPCR was next used to determine the copy number of arsC
in AF293. The CT values were determined for the arsC se-
quences and compared to those of FKS1, which was used as the
single-copy control. The output graph from the reaction shows
an earlier CT for arsC than for FKS1 (Fig. 2), consistent with
the greater copy number of arsC. Calculation of the copy
number of arsC for AF293 and for other isolates demonstrated
that arsC is present in two copies (Table 4), which confirmed
that our strategy could determine the copy number of multi-
copy sequences.

Determination of rDNA copy number. Once FKS1 was es-
tablished as a reliable single-copy control, this sequence was
used to determine the copy numbers of the rDNA genes in A.
fumigatus by quantitating the copy number of the 18S rDNA
subunit. Since the copy number of the rDNA genes of AF293

has been determined from the genome sequence, this isolate
was used in a pilot TaqMan assay in which FKS1 (single copy)
was used to calculate the copy number of the 18S rDNA
subunit. According to the genome sequence, AF293 has 35
copies of the rDNA genes per genome (34). Figure 3 shows an
example of the plots of FKS1 versus 18S rDNA and clearly
demonstrates that there are more copies of the 18S rDNA
gene than the FKS1 gene. Calculation of the 18S rDNA copy
numbers resulted in a value of 38 copies of 18S rDNA per
genome in AF293, which is in fairly close agreement with the
genomic copy number (38 versus 35 copies) for AF293 (34).
The 18S rDNA copy numbers of the remaining isolates were
then determined using FKS1 as the reference gene. The data
show a range of 38 to 91 copies, with an average of 54 copies
per genome (Table 5). These results show that for our set of
isolates, 18S rDNA copy numbers are isolate specific and can
vary substantially from strain to strain.

Stability of rDNA copy number. Since our results indicated
that rDNA copy numbers could vary among strains of A. fu-
migatus, we investigated various environmental conditions to
determine whether or not an effect on copy number could be
observed. Factors that were investigated included morphology,
growth temperature, culture age, antifungal exposure (itracon-
azole), and animal model organ site (lung versus kidney). The
overall copy number mean was found to be 38.032 � 0.13,
which agrees with our initial copy number determination for
AF293. However, Table 6 shows that some significant differ-
ences in copy numbers were observed among our growth con-
ditions (morphology, growth temperature, and culture age). In
spite of these differences, variation in copy numbers among all
conditions tested was less than 1 copy and the copy numbers
would all have been 38 copies if numbers were rounded.

DISCUSSION

Timely diagnosis of IA is challenging due to the lack of
specific clinical manifestations of infection. Unfortunately,
symptoms can be nonspecific and include fever, cough, dys-
pnea, chest pain, and apnea. Therefore, diagnosis can be de-
pendent on the combination of a strong index of suspicion and
radiologic findings, serologic assays, or when possible, culture
and/or histologic findings (24). For any of these methods, a
quantitative estimate of fungal burden is difficult at best and
can be expensive or time-consuming. In fact, even under con-
trolled experimental conditions of animal modeling, colony
counts can be misleading, as some studies have noted decreas-
ing counts that are contradicted by other measurements with
the same animal (36, 37). The ubiquitous nature of A. fumiga-

TABLE 3. Confirmation of copy number of predicted single-copy genesa

Strain FKS1 avg CT
FKS1

copy no. pyrG avg CT
pyrG

copy no. ARG4 avg CT
ARG4

copy no.

AF293 19.16 � .012 1 19.33 � .005 1.13 19.06 � 0.008 1.07
WSA-172 21.39 � .012 1 21.34 � .001 0.97 21.23 � .007 1.11
WSA-445 22.26 � .049 1 22.55 � .003 1.22 22.31 � .004 0.97
WSA-621 24.34 � .014 1 23.52 � .004 1.29 24.54 � 0.007 1.10
WSA-419 21.40 � .050 1 21.82 � .003 1.34 21.40 � .005 1.00

a CT values are means � standard deviations (three samples, run in duplicate). The copy number of the test gene (pyrG or ARG4) was equal to 2�

CT.

FIG. 1. Confirmation of arsC copy number in AF293. (A) Priming
sites for the two arsC alleles. The Chr1 arsC allele is located on
chromosome 1, while the Chr5 arsC allele is located on chromosome 5.
Primers are indicated by black arrows; PCR product is indicated by the
line connecting the primers. The three NcoI sites (N) (one located
within and two flanking the arsC genes), with locations given as base
pairs, are indicated within parentheses. Stippled boxes are the arsC
open reading frames. The predicted sizes of the fragments after NcoI
digestion are indicated below each open reading frame. (B) NcoI
digestion of arsC PCR products. Lane 1, uncut Chr1 arsC PCR prod-
uct; lane 2, NcoI digest of Chr1 arsC; lane 3, mixture of both NcoI
digestions; lane 4, NcoI digestion of Chr5 arsC PCR product; lane 5,
uncut Chr5 arsC PCR product. Sizes are in base pairs. L, ladder.
Ladder sizes are at the right of the gel; fragment sizes are at the left.
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tus in the environment and associated possibility of inhaling
fungal elements that may or may not grow in vivo, but could be
detected as CFU after lavage, further complicate making an
accurate assessment.

Through advances in instrumentation and reagent chemis-
try, PCR continues to find new applications in clinically rele-
vant areas. In spite of not being widely employed as a routine
clinical diagnostic tool for detecting IA, PCR is proving in-
creasingly useful as an investigational tool for studying as-
pergillosis both in vitro and in vivo and may ultimately find its
way into the clinical laboratory as a routine diagnostic tool for
IA. For in vivo applications of animal infections, qPCR is often
used to make a determination of the number of CFU, which
are frequently expressed as conidial equivalents in order to
indicate one nucleus per conidium. While the number of CFU
is fairly accurate for fungi that grow in a yeast morphology, the
number of CFU obtained by plate counts can be difficult to
interpret for filamentous organisms due to the inability to
distinguish a single hypha that forms one colony from the same
fragmented hypha that yields multiple colonies. In fact, using
CFU for measuring A. fumigatus fungal loads has been shown

to yield equivocal results (6, 36). Therefore, alternative meth-
ods that do not require obtaining viable colony counts but
provide some indication of fungal burden are potentially useful
for quantifying the fungal load of a given specimen. qRT-PCR
is exceptionally well suited for this requirement. In fact, when
all protocols are standardized, from infection model through
tissue preparation, reproducible results can be obtained, even
among interlaboratory studies (35).

The observations in this study add an important caveat for
standardized procedures to now include working with the same
A. fumigatus strain when qPCR quantitation using the rDNA
genes is required. Our results have shown that using an 18S
rDNA target requires prior knowledge of copy number of the
strain of interest. With our small sample size, we found copy
numbers to vary by as much as �2.5�. Neither the upper limit
nor the lower limit of 18S rDNA copy number is known, but it
is almost certain to vary by a larger amount than the amount
that we observed for our set of isolates. Consequently, 18S
rDNA copy number cannot be assumed based on another
value previously determined from an unrelated strain. This
observation presently does not have direct clinical implica-
tions, since qPCR is not routinely used to diagnose IA and
fungal burden is rarely part of any diagnosis, since for at-risk
patients a positive assay regardless of amount is always cause
for concern. However, accurate quantitation of A. fumigatus
CFU has numerous applications, many of which have clinically
relevant consequences. These include data generated from
more than one strain or testing unknown strains in experiments
measuring tissue burdens, in vivo drug susceptibility testing,
environmental quantitation, tracking CFU during disease pro-
gression, or comparison of different methods for measuring
fungal load (2, 17, 32, 36, 42). Similarly, direct quantitative
comparisons of the same or different strains that utilize qPCR
versus some other method, such as CFU counts or galacto-
mannan detection, can be erroneous in the absence of an
accurate rDNA copy number. Finally, model systems that may
use the same assay but different strains and report results in

FIG. 2. Amplification plot of AF293 arsC versus FKS1 TaqMan assays. TaqMan assays were performed using an arsC primer-probe combi-
nation and FKS1 primer-probe combination. The graph represents a sample plot from duplicate reactions run on aliquots of the same DNA sample.
Amplification of the arsC gene is denoted by circles. Amplification of the FKS1 gene is denoted by squares. The CT value of the arsC line is
approximately 21.1 (downward arrow), and the CT value of FKS1 is approximately 22.1 (upward arrow).

TABLE 4. Determination of arsC copy number of all isolates by
qRT-PCR in comparison to that of FKS1a

Strain FKS1 avg CT
FKS1

copy no. arsC avg CT
arsC

copy no.b

AF293 22.1 � .107 1 21.1 � .007 2 (2.00)
WSA-172 19.8 � .010 1 18.7 � .004 2 (2.14)
WSA-446 22.0 � .052 1 21.1 � .003 2 (1.89)
WSA-445 19.8 � .014 1 18.7 � .005 2 (2.16)
WSA-271 22.1 � .025 1 21.0 � .002 2 (2.07)
WSA-270 19.2 � .042 1 18.2 � .002 2 (2.00)
WSA-621 19.9 � .060 1 18.8 � .003 2 (2.01)
WSA-419 23.1 � .014 1 21.9 � .007 2 (2.42)

a CT values are means � standard deviations (three samples, run in duplicate).
b arsC copy numbers were determined using the formula 2�

CT. Results

rounded to whole numbers are shown, with the unrounded results given in
parentheses.
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CFU, such as animal survival studies, typically use absolute
numbers and therefore need to be calculated accurately if
qPCR is part of the methodology. However, in spite of the
variation between strains, our results suggest that within-strain
variation, at least in the case of AF293, is negligible. Therefore,
in studies that utilize the same strain and involve quantitation,
qPCR using the rDNA genes should yield consistent results.
We could not identify any condition that was able to cause the
18S subunit number to vary by more than 1 copy within AF293,
in spite of investigating a number of stress conditions. How-
ever, we did identify some significant differences in our anal-
yses. We suspect these differences may have been due to ex-
perimental error since qPCR accuracy requires precise
technique. On the other hand, we know nothing about the

FIG. 3. Amplification plot of 18S rDNA versus FKS1. An example of copy number determination of 18S rDNA using FKS1 as a single-copy
control. The figure is an amplification plot of a TaqMan assay performed using the 18S rDNA primer-probe combination and FKS1 primer-probe
combination. Template DNA was taken from the same DNA sample prepared from AF293 and run in duplicate. Note the earlier CT value of 18S
rDNA (circles), which is approximately 18.0 (downward arrow) versus the FKS1 CT value (squares), which is approximately 23.4 (upward arrow).
The lower CT value for 18S rDNA reflects the greater copy number of the target, since the fluorescence crosses the threshold at a much lower cycle
number.

TABLE 5. A. fumigatus 18S rDNA copy number determinations

Strain No. of 18S
rDNA copiesa

AF293.........................................................................................38 � 0.01
WSA-172 ....................................................................................46 � 0.03
WSA-446 ....................................................................................47 � 0.01
WSA-445 ....................................................................................49 � 0.06
WSA-271 ....................................................................................49 � 0.05
WSA-270 ....................................................................................53 � 0.01
WSA-621 ....................................................................................70 � 0.03
WSA-419 ....................................................................................91 � 0.03

a Values are mean � standard deviations (three samples, run in duplicate).

TABLE 6. A. fumigatus 18S rDNA copy number stability

Condition Subgroup No. of 18S
rDNA copiesa P value

Morphology Conidia 38.02 � 0.011 0.03
Hyphae 38.11 � 0.01 0.03

Temperature 30°C 37.84 � 0.044 0.03
45°C 38.03 � 0.015 0.03

Culture age 3 days 38.041 � 0.024 0.004
5 days 37.906 � 0.059 0.004
10 days 38.321 � 0.019 0.004
25 days 38.061 � 0.017 0.004

Itraconazole concn 0.00 �g/ml 37.984 � 0.049 0.17
0.03 �g/ml 38.024 � 0.015 0.17
0.06 �g/ml 38.039 � 0.022 0.17
0.125 �g/ml 38.033 � 0.012 0.17
0.25 �g/ml 38.001 � 0.055 0.17
0.5 �g/ml 38.046 � 0.009 0.17
1.0 �g/ml 38.039 � 0.019 0.17
2.0 �g/ml 38.034 � 0.038 0.17

Mouse Lung 38.056 � 0.038 0.13
Kidney 38.136 � 0.008 0.13

Guinea pig Lung 38.231 � 0.008 0.13
Kidney 37.688 � 0.059 0.13

a Copy values are means � standard deviations.
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mechanism by which copy number variation occurs and what, if
any, phenotypic consequences are associated with changes in
copy number within a strain. The fact that different strains of
A. fumigatus have different rDNA copy numbers is evidence
that variation occurs. Since our qPCR assay can detect only
whole copies (a fraction of a copy would not yield a PCR
product), the data could have arguably been rounded to the
nearest whole copy. In this case, all copy numbers would round
to 38, which matches the control AF293 number. However,
since we cannot rule out copy number heterogeneity within a
population, we chose not to round the data. Future studies of
copy number should focus on whether changes are rapid, such
as by an unequal recombination event that leads to large gains
or losses of rDNA repeats, or gradual, which could result in
small changes of a unit or two over longer periods of time.
Understanding the mechanism may reveal whether or not the
changes are responses to selection or are random, without
clear phenotypic consequences.

In spite of the observed copy number variation within A.
fumigatus, application of these results to other species of As-
pergillus probably should not be done without empirical anal-
ysis. Aspergillus taxonomy can be complicated by the existence
of sections, which may not be discriminated at the clinical level
but can be discriminated at the molecular level. For example,
in the Aspergillus section Fumigati, A. fumigatus may not be
discriminated from other members, such as A. lentulus or A.
brevipes. However, these species can be identified by sequenc-
ing select loci (i.e., �-tubulin). Therefore, rDNA variation
could possibly indicate a separate subspecies. In our study, we
confirmed that our strains were all A. fumigatus using �-tubulin
sequencing (data not shown), but since so little is known at the
molecular level about these subgenera, confirmational se-
quencing of additional loci may be required when trying to
quantitate unknown isolates.

Although we targeted the 18S rDNA subunit in this study,
determination of copy number should hold for targets that lie
within the 28S subunit or between the two subunits (ITS1,
ITS2, and 5.8S) as well, since the large and small ribosomal
subunits, though multicopy and tandemly arrayed, are colinear
and transcribed as a single transcript along with the intervening
ITS region (21, 43). Therefore, based on what is known in
model fungi, the copy numbers of the 18S and 28S genes, as
well as the intervening sequences, should be the same in the
same strain of A. fumigatus. The advantage of primer design in
the more variable ITS1, ITS2, or even the D1/D2 region of the
28S subunit is that species specificity can be possible, subspe-
cies issues as described above notwithstanding. If, on the other
hand, the increased sensitivity of targeting the multicopy
rDNA genes is not needed, a suitable single-copy gene (i.e.,
FKS1, ARG4, or pyrG) can be used with fairly high confidence
that its copy number will be invariant among unrelated strains
and equal to 1. Finally for presence or absence outcomes, copy
number variation is probably not a concern; however, given
that the ribosomal genes are usually targeted due to their
increased sensitivity, if investigators are quantitating cell num-
bers using these genes, the strain-specific variability of rDNA
copy number may be an important factor that affects the sen-
sitivity of PCR assays for quantifying Aspergillus fumigatus.
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